For years it has been postulated that the cigarette smoker adversely affects the nonsmoker by contaminating the indoor atmosphere (2, 3) . Recently, the U.S. Surgeon General, J. L. Steinfeld, focused public attention on the question when he requested a ban on smoking in closed public spaces (4) . The average person spends the great majority of his time, probably 80 to 90 percent, indoors (5) ;thus, there is widespread concern about the environmental conditions produced by indoor smoking.
Experiments on mouse skin have indicated that the condensate tar of the smoke from the glowing end of the cigarette (sidestream) has a higher tumor-producing activity than condensate leaving the mouthpiece of the cigarette (mainstream) (6) . Other experiments showed that air pollution extract and cigarette smoke condensate combined have more than additive tumor-producing potential (7, 8) . Previous studies on cigarette smoke in closed spaces suggest that the nonsmoker is exposed to considerable amounts of cigarette smoke in the course of his normal activities (9) . Thus, the pollution of closed spaces by cigarette smoke possibly contributes to such otherwise unexplained phenomena as lung cancer in nonsmokers, differences in lung cancer occurrence between rural and urban areas, allergies, and other diseases (10, 13) . Although some studies have been made on smoked-filled rooms and vehicles (9, 14) , on the health of smokers' children (15) , and on some of the constitutents of the different smoke streams (see below), no exact method has been developed either to relate smoke concentrations in closed spaces to air quality standards objectively or to relate the extent of passive smoking to human health. The 1972 Surgeon General's report, "The Health Consequences of Smoking," recognizes the limitations of present knowledge about cigarette smoke in closed spaces and underscores the need for comprehensive study of the question (16) .
The following steps are necessary to the development of an objective method: From the vast literature on active smoking, scattered data can be isolated on the subjects of passive smoking and smoke in closed spaces. Experimental research under controlled smoking conditions provides additional data on the composition of smoke and factors in its dissipation. The combined data can then be related to passive smoking and air quality standards.
Literature Review: Smoking Parameters
All parameters affecting the generation of cigarette smoke, the distribution of cigarette smoke in closed spaces, and the uptake of cigarette smoke from the ambient air, have to be analyzed for this study so smoke during the puff. Passive smoking can be defined as the uptake of cigarette smoke from the ambient air into the respiratory tract.
The smoke produced from a burning cigarette is distributed into different smoke streams ( Figure 1 ) (17) . The smoke which has heretofore received most experimental and public attention is the mainstream, which enters the mouth of the smoker during the puff. All other smoke streams are directly emitted into the ambient air. Of these, the sidestream, which leaves the burning end of the cigarette during the puff interval, contributes about 95%. The smoulder stream contributes approximately 4%. The (26) . Aging cigarette smoke supposedly doubles its peak diameter rapidly, but it has not been studied and measured for longer than four minutes (26) . Exhaled mainstream particles are slightly larger than the mainstream particles drawn in during inhalation (29) .
Differences occur in the temperature of mainstream and sidestream smoke. The center of the cigarette cone measures about 8840 C during the puff and about 8350 C in the puff interval (30) . Yet, the highest temperature is not in the center of the cone, but in the outer ring of the cigarette, where temperatures up to 12000 C have been recorded (31 Passive smoking is quantitatively related to the amount of air respired by the subject. The respiratory volume of a man at rest is 0.3 m3/hr., and at light work it is 0.9 m3/hr (38 In this formula, the expression to the left of the plus sign describes the elimination of a pre-existing concentration of contaminant from a ventilated room. The part to the right of the plus sign describes the build-up of a contaminant which is generated, as in cigarette smoking, inside a ventilated room.
Formula I assumes ideal ventilation. For most practical purposes, the calculation must be corrected for a mixing factor to account for incomplete mixing of room air with ventilation air (47). This factor ranges from 1/3 to 1/10; the derivation of this factor is not well documented. The dissipation of cigarette sidestream smoke attributable to factors other than ventilation is discussed among the experimental research findings.
Experimental Method
The parameters of cigarette smoke production and distribution in closed spaces obtained from the survey of the existing literature were not sufficient to permit an objective evaluation of human exposure to cigarette smoke in the ambient air. Experimental research was undertaken to provide data on the characteristics of aging cigarette smoke in the ambient air, its dissipation from the atmosphere, and smoke particle size as a function of time.
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In addition, direct collection of the total particulate matter (TPM) of sidestream smoke on a filter permitted the comparison of this method with TPM collection in organic solvents. The experiments were designed to provide evidence on the possible differences between mainstream and sidestream smoke. Evaluation of the experimental data produced formulas for the calculation of the effects of passive smoking and the development of room smoke concentration information.
A special type of test chamber was required which would resemble commonly found closed spaces. All experiments were conducted in a sealed 25 m3 chamber, where the experimenter and all test equipment remained during the experiments. Portable fans were used continuously to circulate the air in the room. The airtightness of the chamber was checked with carbon monoxide: a test concentration of 65 parts per million (p.p.m.) was generated from a source of concentrated CO and monitored over 5 hours. Less than 1% CO escaped from the chamber each hour, after correction for uptake by the experimenter had been made. Temperature and relative humidity were brought to practical, well-defined ranges (25-27°C and 26-30% respectively) before the start of each experiment.
A smoking machine, which holds up to 24 cigarettes simultaneously ( During all smoking experiments the carbon monoxide concentration in the test chamber was monitored. This was done by collecting a total of 3 samples in 100-liter gas sampling bags, at the beginning, the middle, and the end of the 3-hour experiments. The analysis of these bags was later performed by a Beckman infrared analyzer with a 40-inch detector cell.
Carbon monoxide concentration in the sidestream smoke was determined from the initial concentration of carbon monoxide in the air of the test chamber. The first sample, taken 15 minutes after the start of the experiment, was used to calculate the carbon monoxide concentration present in the sidestream smoke of each cigarette. This was done by relating the concentration in the chamber to the volume of the chamber and the number of cigarettes smoked.
Cambridge glass fibre filters measuring 44 mm in diameter were used to collect TPM (49). Up A microscale, which allowed readings to 0.05 mg accuracy was used to weigh the loaded filters, which were conditioned at 58% relative humidity before weighing (50). Double weighing of all fresh filters used in the experiments showed a difference of less than 0.1 mg on the average.
The size of the smoke particles was determined with a Casella Cascade impactor, which measures particles from 0.3 micron up to 6.0 microns on four stages and a filter.
Before evaluation of the sample data for total particulate matter, corrections were made for the cumulative sampling volume and October 1972 the uptake by the experimenter, which was assumed to be 70% of the respiratory volume. The respiratory volume of the experimenter had been determined in the course of the experiments. Statistical evaluation of the TPM data involved the use of linear regression analysis, and 95% confidence limits were calculated for a two-tailed distribution. The regression formula y = a + bx was used to derive a general formula describing the decrease of TPM over a period of time.
As shown below, the dissipation of TPM from the ambient atmosphere is a log-linear function of time. Determination of the average dissipation is complicated, if the regression formula is used. Therefore a simple approximation was achieved by estimating the area under the parabolic curve described by the log-linear function. Ventilation affects the dissipation factor. Solving the first part of Formula I for time shows that 75% of the original TPM disappears from the average meeting room or car in 20 minutes, but 75% dissipation from the average residential or office space requires 3 hours.
Results
The highest concentration of CO in the test chamber was 69.8 parts per million (p.p.m.), generated by the sidestream of 24 cigarettes. The CO concentration was directly proportional to the number of cigarettes smoked in the chamber (Fig. 2 ). An average of 75.5 ml. of CO is present in the sidestream of a single cigarette, whereas the mainstream of the same type of cigarette contains only 16.0 ml. of CO (Fig. 3) (Fig. 3) ; the S/M ratio for TPM is thus 0.7. The 25.8 mg includes 1.3 mg of smoulder stream smoke (Fig. 1) Evaluation of the data from the Cascade impactor showed that the majority of particles of sidestream smoke measured less than 0.7 micron in diameter. No particles larger than 2.0 micron were found during the 3-hour observation period.
The dissipation of TPM from the air of the test chamber is shown in Fig. 4 . The highest measured concentration of TPM was 16.65 mg/m3, 18 minutes after smoking 24 cigarettes; the lowest concentration was 1.21 mg/m3, 150 minutes after smoking 4 cigarettes. The relationship between decrease of TPM and the loglo of the time is highly significant. The correlation coefficients for the regression lines in Fig. 4 are between 0.975 and 0.992. The rate of dissipation of cigarette smoke from the atmosphere is equal to the slope of the regression lines in Fig. 4 . This slope is directly proportional to the number of cigarettes smoked, as is the amount of TPM present at any given time. Therefore, a general formula can predict the concentration of TPM in a sealed room merely as a function of the number of cigarettes smoked and time:
the data of Fig. 4 . With one exception, the observations were within the 95% confidence limits of the regression lines. The simplified method for estimation of the dissipation rate as described earlier yields an average dissipation factor (p) of 0.77, if 75% of the original smoke leaves the room in 20 minutes due to ventilation; if the time is 3 hours, (p) becomes 0.53. The two constants in this formula, -7.125 and 25.5 were calculated by averaging all data presented in Fig. 4 The experimental data derived above permit an objective description of passive smoking using the concept of the Cigarette Equivalent (C.E.). The amount of sidestream cigarette smoke or its constituents which equals the amount present in the mainstream of one cigarette can be termed one C.E. Formula III allows for the calculation of C.E.: This formula is derived from Formula I; it describes the buildup of cigarette smoke in a room when no initial smoke concentration is present. The formula has been corrected for the "mixing factor" different than previously described (52,53). In our opinion, previous corrections were not sufficient. In Formula III the term in parentheses indicates that the smoke concentration increases with time; as time becomes infinite and the term approaches one, it can be disregarded. The following examples show application of Formula III for two commonly occurring situations. The parameters used are based on per-person averages.
Example (1) C.E. for average residential space: 
Discussion
The test chamber experiments showed that the exposure of a person to sidestream cigarette smoke can be measured exactly in terms of the number of cigarettes passively smoked (C.E.) or in terms of pollutant concentration levels, if the number of cigarettes smoked in a closed space and all other variables are known. However, the study indicated that the problem is complicated by the number of variables and the present vagueness of description about commonly occurring closed spaces. These uncertainties preclude an exact statement of the significance of the resulting exposure until additional experimental and physiological evidence is gathered. This study can serve as a base for such further studies.
Per-person averages (including respiratory rate, room size, ventilation and smoking habits) provide a practical method from which to measure the extent of the health problem. Standard smoking conditions and other well-defined experimental conditions were chosen to facilitate reproduction of our data. An example of a necessary simplification of the problem was the elimination of exhaled mainstream smoke from consideration as a factor in test chamber smoke concentration.
For the smoking experiments, a sealed test chamber is preferable to an unsealed normal room where uncontrolled ventilation can be considerable (14, 9, 23 Previous research had posited that sidestream smoke is similar to mainstream smoke (54). We showed earlier that this is not true quantitatively in view of the wide range of the S/M ratio. It is also not true qualitatively. The distribution into particulate and vapor phase must be different for the two smoke streams, because "tar" in mainstream smoke, whether collected in an organic solvent or on a filter, provides similar yield, yet in sidestream smoke with organic solvents three times the amount of "tar" is collected than with the filter method used in this experiment ( Table 1) . The difference is probably due to the differing compositions of sidestream and mainstream smoke caused by the higher temperature of sidestream. Some of the constituents of the particulate phase of mainstream smoke probably appear in the vapor phase of sidestream smoke.
The dissipation of cigarette smoke from the ambient atmosphere of a closed space has not been considered before. It is of sufficient magnitude to require consideration in future studies on sidestream smoke. The extent and rate of dissipation from the atmosphere is probably a factor affecting not only the particulate phase but also the unstable constituents of the vapor phase (55).
Particles with a median diameter less than 2 to 5 microns are considered "respirable" (56): they can penetrate the periphery of the human lungs. Sidestream smoke does not exceed 2.0 microns at any time and can therefore be considered respirable. From data derived from the study of diluted mainstream smoke, the continuous, rapid growth of smoke particles was predicted (26 
Summary
This study describes a basic approach for the evaluation of cigarette smoke in closed spaces. Factors involved in a person's exposure to sidestream smoke were defined, and commonly found averages of such factors were used to determine common exposures. Information not available from the existing literature was developed through experimental research. Finally, all important factors were combined to calculate the extent of passive smoking and pollutant concentration levels in smoky atmospheres.
The following major conclusions were drawn from this research: 
